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H I G H L I G H T S  

� The mountain-induced vortex elevated surface pollutants to high layer. 
� Pollutant in the EPL was transported downward to the surface through PBL process. 
� Regional atmospheric pollutant transport mechanisms over NCP are suggested.  
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A B S T R A C T   

Comprehensive measurements were conducted in winter 2018 and combined with RMPAS-Chem model simu
lations to analyze the regional transport mechanisms of atmospheric pollutants over the North China Plain. The 
instruments used consisted of four Vaisala CL51 ceilometers for planetary boundary layer (PBL) heights and 
aerosol backscatter profiles, two wind profilers, one radiosonde for the profiles of meteorological variables, and 
an instrumented King-Air 350 aircraft for the profiles of atmospheric pollutants and meteorological variables. 
Additionally, observations from Environmental Protection Bureau stations were also analyzed, including hourly 
concentrations of surface PM2.5, SO2, NO2, CO, and O3. The results suggest that regional atmospheric pollutant 
transport is driven by a combination of topography and PBL processes. First, a mountain-induced vertical vortex 
forms over downwind regions; this elevates ground pollutants to form an elevated pollutant layer (EPL) at an 
altitude of 1.4–1.7 km. The EPL is then transported to Beijing via an enhanced southerly wind. Finally, the 
pollutants in the EPL are transported downward to the surface through PBL processes.   

1. Introduction 

The North China Plain (NCP) has experienced heavy air pollution 
over the past two decades with particulate matter (PM) being one of the 
top pollutants (Che et al., 2007; Quan et al., 2011). PM, especially fine 
particulates (PM2.5: PM with a radius � 2.5 μm), can reach concentra
tions of several hundred micrograms per cubic meter in heavy haze 
events (Quan et al., 2014; Sun et al., 2014; Wang et al., 2014a), which is 
much higher than the value defined in the new National Ambient Air 
Quality Standards of China (75 μg m� 3 for a 24 h average). Over the last 
decade, extensive efforts have been devoted to characterizing the 

sources and properties of PM2.5 and haze pollution processes in the NCP 
(Cheng et al., 2016; Guo et al., 2014; Liu et al., 2018; Pet€aj€a et al., 2016; 
Quan et al., 2017; Zhang et al., 2015, 2018). In general, high emissions 
of primary aerosols, gaseous precursors of secondary aerosols, and 
stagnant meteorological conditions have been considered the dominant 
factors driving the formation and evolution of haze pollution (Wang 
et al., 2014b; Guo et al., 2014; Zhang et al., 2015). 

Beijing is located at the northern tip of the NCP and is bordered by 
mountains along its west, north, and northeast sides. Previous studies 
have indicated that the air pollution in Beijing is not only a local issue, 
but also a regional issue (An et al., 2007; Streets et al., 2007; Hua et al., 
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2016; Wang et al., 2016; Wu et al., 2017). For example, a community 
multi-scale air quality (CMAQ) model simulation by An et al. (2007) 
indicated that regional transport from the areas surrounding Beijing 
contributed 39% of PM2.5, 30% of PM10, and 18% of SO2 to the city on 
average in a heavy pollution episode in spring of 2005. Similarly, a 
CMAQ model simulation of the Beijing region for July of 2001 reported 
by Streets et al. (2007) also indicated the regional transport of PM2.5 and 
O3 between Beijing and the NCP. In regional pollutant transport, 
topography is a non-negligible factor because it can influence the wind 
fields that drive pollutant transport. For example, Xu et al. (2015) sug
gested that the “harbor” effect of the westerlies in the eastern lee of the 

Tibetan Plateau may be an important factor influencing the occurrence 
of haze in eastern China. Similar phenomena were also observed in other 
regions with mountainous topography (Alizadeh-Choobari et al., 2016; 
Sabetghadam et al., 2018). A few studies have examined the potential 
influence of topography on regional pollutant transport over the NCP 
and found some intriguing results (Xu et al., 2015; Zhang et al., 2018). 
For example, Zhang et al. (2018) investigated the responses of surface 
winds to topographical changes. They found that if mountain heights 
decreased by 75%, Beijing and its surrounding areas would be controlled 
by northerly winds rather than southerly ones. Furthermore, topography 
also contributes to changes in vertical circulation (Wu et al., 2005; 
Sandu et al., 2019), which influences the vertical exchange of pollutants. 
Despite these studies and some general understanding of pollutant 
transport, the detailed mechanisms underlying the influence of topog
raphy on regional pollutant transport remain poorly understood. 

Furthermore, vertical pollutant transport is strongly related to 
planetary boundary layer (PBL) structure. Inside the PBL, pollutants are 
vertically mixed by small eddy turbulences. However, there is generally 
a barrier (very low mixing rate) at the top of the PBL, which prevents the 
vertical transport of pollutants between the PBL and free troposphere 
(FT; Zhang et al., 2009; Quan et al., 2013). Regardless, aerosols can 
escape from the PBL to the FT through additional complex processes, 
such as frontal systems (dust storms), local circulation, and diurnal PBL 
variation, forming high aerosol concentrations in the FT. For example, in 
PBL development, turbulence weakens drastically after sunset and PBL 
height begins to decrease. In this process, aerosols in the upper PBL 
cannot return to the PBL with the decreasing of PBL height, instead 
forming a residual mixed layer. The wind speed in the FT is higher than 
that in the PBL, which enhances regional transport once aerosols are 
transported vertically into the FT. It is important to determine if regional 
pollutant transport mainly occurs inside or outside the PBL. Further
more, if transport occurs outside the PBL, it is important to determine 
how FT pollutants are transported to the surface. 

In this study, comprehensive measurements and model simulations 
were combined to analyze regional pollutant transport. The remainder 
of this paper is organized as follows. Section 2 describes the measure
ments and model simulations used in this study. Results and analyses are 
presented in Section 3. The analyses focus on (1) topography-induced 
vertical vortex and the formation of an elevated pollution layer (EPL), 
and (2) vertical pollutant transport through PBL processes. Section 4 

Fig. 1. Illustration of observation sites during the comprehensive measurements conducted in winter of 2018. The pentacle, triangle, circle, and square represent the 
locations of the center of Beijing city, ceilometer stations, EPB stations, and radiosonde station, respectively. The black lines in the top-right corner represent the 
second to fifth rings surrounding central Beijing and the central Changan street of Beijing city (straight line). 

Fig. 2. Comparisons of meteorological elements between models and obser
vations at the GXT station from the 13th to the 16th of December 2018, 
including temperature, RH, wind speed, and wind direction. 
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contains our concluding remarks. 

2. Observations and methods 

2.1. Observations 

Comprehensive measurements were conducted in winter of 2018. 
The surface observation equipment used in this study consisted of four 
Vaisala CL51 ceilometers at Haidian (HD), Chaoyang (CY), Changping 
(CP), and Huairou (HR) for PBL heights and aerosol backscatter profiles, 
two wind profilers at HD and HR, and one radiosonde at the Guan
xiangtai (GXT) meteorological station. The CL51 device utilizes the laser 
lidar technique (910 nm) to measure atmospheric aerosol backscatter 
profiles and has a detection range of 15.4 km. Its temporal and vertical 
resolutions are 6–120 s and 10 m, respectively. The radiosondes were 
launched twice per day at 08:00 and 20:00 BST (where BST ¼ UTC þ 8 
h). Details regarding these instruments were provided by Liang et al., 
(2018). An aircraft (King-Air 350) was used to conduct the measurement 
of vertical aerosol profiles and meteorological variables. The typical 
aircraft speed was approximately 250 km h� 1 and the ascent and descent 

rates during profiling were in the range of 2–5 m s� 1. A passive cavity 
aerosol spectrometer probe (PCASP, DMT Co., USA) was mounted on the 
aircraft wingtip to measure aerosol size distributions ranging from 0.1 to 
3.0 μm at a frequency of 1 Hz. An integrated meteorological measure
ment system (Aimms-20, Advantech Research Inc.) was used to measure 
the aircraft location, temperature, relative humidity, barometric pres
sure, and wind speed. Additional details regarding the instrumentation 
and data processing are provided in the papers by Liu et al. (2019) and 
Quan et al. (2017). Before takeoff, all instruments were operated for 
1–2 h to ensure they were working properly. As Shahe airport is not a 
commercial airport, there are only a few flights per day; therefore, the 
effects of aircraft emissions were minor in terms of the measured vertical 
distributions of aerosols. Additionally, observations from five Environ
mental Protection Bureau (EPB) stations in Beijing were analyzed. These 
data included the hourly concentrations of surface PM2.5, SO2, NO2, CO, 
and O3. The locations of the observation sites are presented in Fig. 1. 

2.2. Models 

The model used in this work was the RMPAS-Chem (Zhao et al., 

Fig. 3. Evaluation of models based on observations at 12:00 on the 13th, 14th, 15th, and 16th of December 2018. The dots represent observations from Chinese 
environmental monitoring stations (http://www.cnemc.cn/). 
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Fig. 4. Weather systems at 08:00 BST on the (a) 13th, (b) 14th, and (c) 15th of December 2018. The circles represents the location of Beijing city. Profiles of 
temperature (red line), dew point temperature (blue line), and wind over the Beijing GXT meteorological station at 08:00 on the (d) 13th, (e) 14th, and (f) 15th of 
December 2018. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 5. Wind profiles (unit: m s� 1) at the HD (left) and HR (right) stations from the 13th to the 16th of December 2018.  
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2016, 2019; Zhang et al., 2018) model developed by the Institute of 
Urban Meteorology of the China Meteorological Administration. This 
model combines the rapid-refresh multi-scale analysis and prediction 
system - short term (RMAPS-ST) with weather research and forecasting 
(WRF)-Chem (version 3.3.1). RMAPS-ST is composed of a WRF-based 
regional numerical weather prediction system and WRF data assimila
tion system (Chen et al., 2011; Liang et al., 2018; Xie et al., 2019). Its 
physical parameterizations include the single-layer urban canopy 
model, Noah land surface, Yonsei University planetary boundary layer, 
Grell–Devenyi ensemble convection, Thompson cloud microphysics, and 
the rapid radiative transfer model for longwave and Goddard shortwave 
radiation (Chen and Dudhia, 2001; Hong and Kim, 2008; Grell and 
Devenyi, 2002; Thompson et al., 2008; Mlawer et al., 1997; Dudhia, 
1989). The data assimilated in RMAPS-ST includes upper air, aircraft, 
surface, ground-based global positioning system zenith total delay, and 
radar observation data. In WRF-Chem, the carbon-based mechanism 
version Z is used, including comprehensive chemical reactions and 

alterable scenarios, in conjunction with the Model for Simulating 
Aerosol Interactions and Chemistry with four bin sizes (Zaveri and Pe
ters, 1999; Zaveri et al., 2008). Anthropogenic precursor emission data 
were collected from the Multi-resolution Emission Inventory for China 
(2012) (http://www.meicmodel.org/) with a resolution of 0.1� � 0.1�
and values extrapolated to 3 and 9 km grids. Meteorological ICs and BCs 
from the 9 km operational outputs of RMAPS-ST were directly applied to 
the 9 km WRF-Chem grid, then interpolated to the 3 km grid. The 
RMAPS-ST and RMAPS-Chem models provide daily meteorological and 
air pollution forecasting results for Beijing and the NCP (http://www. 
ium.cn/rmaps/st03/and http://www.ium.cn/rmaps/chem/), and have 
been evaluated against yearly observations (Liu and Chen, 2014; Zhao 
et al., 2016, 2019). The overall agreement between the simulations and 
measurements for both meteorological elements (Fig. 2) and PM2.5 
(Fig. 3) suggest that the models are capable of capturing the essential 
features of physical and chemical processes. 

3. Results and analysis 

3.1. Weather conditions 

Beijing experienced an air pollution event from the 13th to the 16th 
of December in 2018. Fig. 4 presents the surface atmospheric circula
tions and radiosonde profiles of wind, temperature, and dew point 
temperature at the GXT meteorological station during this period. In the 
early stages (Dec. 13th), the Beijing region was controlled by a high- 
pressure system with two high-pressure centers located over the Ti
betan plateau and Mongolia (Fig. 4a). Under these weather conditions, 
the Beijing region was influenced by a northwest wind (Fig. 4d). As the 
high-pressure system moved east (Fig. 4b and c), the northwest wind 
changed gradually into a south wind below the 850 hPa level (Fig. 4d 
and e). The wind profiles observed at the HD and HR stations clearly 
reveal that the wind direction in the lower layer (<1800 m) changed 
from northwest to southwest at 18:00 on Dec. 13th, whereas the higher 
level was still controlled by the northwest wind (Fig. 5). 

3.2. Topography-induced EPL 

Beijing is bordered by mountains along the west, north, and 

Fig. 6. Schematic diagram summarizing the forma
tion of a topography-induced EPL over the NCP. Part 
(a) presents radial and vertical winds along the 
116.64 �E line. The vertical winds have been multi
plied by 100. The blue color represents sinking mo
tion and the red color represents ascending motion. 
Part (b) presents the vertical PM2.5 concentration 
along the 40 �N line. Part (c) presents the horizontal 
winds and PM2.5 concentration at an altitude of 
1500 m. The letter “H” in the base map represents an 
anomalous high-pressure system. (For interpretation 
of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)   

Fig. 7. Radial winds (unit: m s� 1) and PM2.5 concentrations along the 116.64 
�E line at 21:00 on December 13th, 2018 (same time as Fig. 4a). The vertical 
winds have been multiplied by 100. 
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Fig. 8. Aerosol backscatter coefficients at four stations: (a) HR, (b) CP, (c) CY, and (d) HD. The dots on the bottom represent the PBL heights calculated from 
sounding (black) and aircraft data (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 9. (a) Flight height (black line) and aerosol number concentration (Na, green line) observed by the PCASP, (b) vertical profiles of aerosol particles, and (c) 
temperature over Baoding (BD, blue line) and Beijing (BJ) during takeoff (black line) and landing (red line). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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northeast sides, with altitudes exceeding 1000 m (Fig. 1). Based on the 
blocking role of such topography, the north wind over downwind re
gions of the mountains was weakened (Zhang et al., 2018). Furthermore, 
a vertical vortex in the lower troposphere was induced over downwind 
regions of the mountains (Fig. 6). A sinking motion occurred in regions 
with latitudes between 37 �N and 38 �N, whereas ascending motion 
occurred in regions near the mountains with latitudes between 39 �N 
and 41 �N. Zhang et al. (2018) investigated the responses of surface 
winds to topographical changes. Their work indicated that Beijing and 
the surrounding area would be controlled by north wind, rather than 
south wind, if the mountain height decreased by 75%, which clearly 
demonstrates the role of the mountains in shaping local vertical vortices. 

The mountain-induced vertical vortex elevated ground pollutants to 
higher layers. This point was supported by our model results, which 
revealed high PM2.5 centers in regions with altitudes in the range of 
1.0–1.5 km (Figs. 6b and 7), which are consistent with the center of the 
vertical vortex. Under the collective influence of the vertical vortex and 
eastward movement of the high pressure system, the wind direction in 
the lower layer gradually shifted from north to south (Fig. 5). Therefore, 
the EPL was transported north. These findings were substantiated by 
ceilometer observations. A clear EPL was observed over Beijing on the 

night of Dec. 13th and morning of Dec. 14th. Furthermore, among the 
four ceilometers stations (Fig. 8), the EPL first appeared at the southern 
stations (20:00 on Dec. 13th at HD, CY), then the northern stations (CP, 
HR), indicating that the EPL was transported from south to north. 

Aircraft measurements were also conducted on Dec. 14th of 2018. 
The King-Air 350 aircraft took off and climbed to approximately 2700 m 
over the Shahe airport, which is located 35 km north of Beijing city 
(Fig. 1). The aircraft then flew southwest for approximately 150 km to 
reach the Baoding area, where it collected vertical profiles in step levels 
of 300 m (from 2700 to 600 m). Finally, the aircraft flew back to the 
Shahe airport (Fig. 9). The vertical profiles of aerosol concentrations 
over Baoding exhibited a distinct EPL between 1400 and 1700 m at 
17:35 on the afternoon of Dec. 14th, with a maximum aerosol number 

Fig. 10. Radial winds (unit m s� 1) and PM2.5 concentrations along the 116.64 
�E line at 16:00 on December 14th, 2018. The vertical winds have been 
multiplied by 100. The circles represent aerosol number concentrations 
observed by the aircraft, where the sizes of the circles correspond to 
concentrations. 

Fig. 11. Transport flux of PM2.5 (μg m� 2 s� 1) along the 39 �N line at 16:00 on 
December 14th, 2018. The colors represent flux and the arrows represent di
rections in the u-v space. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 12. Schematic diagram summarizing downward pollutant transport via 
PBL processes. At night, the downward transport of pollutants in the EPL is 
weak based on the low PBL height. However, the PBL height increases during 
the day. Therefore, the EPL moves from outside the PBL to inside the PBL, 
which accelerates downward pollutant transport. 

Fig. 13. Average diurnal variations of pollutants at five urban EPB stations on 
December 14th, 2019 (red lines). The dotted lines represent typical diurnal 
pollutant variations, which are dominantly controlled by PBL processes (Quan 
et al., 2013). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the Web version of this article.) 
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concentration (Na) of 5000 cm� 3 (Fig. 9). Below this layer, a clean layer 
can be observed between 1100 and 1300 m with a Na value less than 
1000 cm� 3. The existence of an EPL over Baoding was further corrobo
rated by the model results (Fig. 10). Based on the enhancement of the 
south wind, the EPL was transported north to Beijing. To analyze the 
contributions of the EPL to regional aerosol transport quantitatively, 
horizontal transport flux was calculated based on the PM2.5 concentra
tion and wind (Fig. 11). The results clearly reveal that were two layers 
with high PM2.5 transport flux: one in the PBL and the other in the EPL. 
These results collectively suggest that the EPL between 1.0 and 1.5 km 
over Beijing was horizontally transported from upwind regions. 

3.3. Downward transport 

As shown in Fig. 8, an EPL was present over Beijing on the evening of 
Dec. 13th and morning of Dec. 14th but disappeared near 13:00 on the 
afternoon of Dec. 14th. Therefore, the aerosol concentration in the lower 
layer increased significantly on the afternoon of Dec. 14th. This 
prompted us to examine two questions. First, was the aerosol enhance
ment in the low layer related to the EPL? Second, if it was related, what 
was the main mechanism and why did it occur in the afternoon, rather 
than the evening? To answer these questions, we first analyzed the PBL, 
which is the lowest layer in the troposphere, where wind is influenced by 
friction. Surface friction causes turbulent eddies and chaotic wind pat
terns to develop. As a result, wind is turbulent and gusty within the PBL. 
In this study, PBL height was identified as the altitude at which there 
was an inversion or abrupt and significant change in the dew point 
temperature (Wilczak et al., 1996; Quan et al., 2013, 2017), which is 
calculated from aircraft/sounding measurements of temperature and 
relative humidity. The PBL height was low at night and early in the 
morning (e.g., 510 m at 08:00 in the morning of Dec. 14th). The height 
increased with an increase in solar radiation and reached a maximum 
value in the afternoon. The PBL height was 1650 m at 15:35 in the af
ternoon of Dec. 14th (Fig. 8). There typically is a barrier (very low 
mixing rate) at the top of the PBL that prevents the vertical trans
portation of pollutants between the PBL and FT (Zhang et al., 2009; 
Quan et al., 2013). At night and early in the morning, PBL height is low 
and the EPL is located above the PBL, so downward pollutant transport is 
limited. Based on the continued development of the PBL, the EPL moved 
from outside the PBL in the morning to inside the PBL in the afternoon 
(Fig. 8), which enhanced the vertical mixing of aerosols inside the PBL. 
Therefore, aerosols in the EPL were transported downward with an in
crease in PBL height in the afternoon. The processes described above are 
summarized in Fig. 12. The variations in ground pollutants substantiate 
these analyses (Fig. 13). When ground pollutants are dominantly 
affected by PBL processes, their concentrations typically decrease in the 
morning and reach minimum values in the afternoon based on the 
increased PBL height (dotted line in Fig. 13). In contrast, the concen
trations of pollutants increased significantly in the afternoon of Dec. 
14th, even though the PBL height also increased during this period 
(Fig. 8). The concentration of pollutants during this period should 
decrease, rather than increase, if there is no regional pollutant transport. 
Therefore, the increase in pollutants in the afternoon of Dec. 14th was 
primarily caused by the transport process. 

4. Summary and discussion 

In this study, comprehensive measurements were conducted in 
winter of 2018 and combined with RMPAS-Chem model simulations to 
analyze the regional transport mechanisms of atmospheric pollutants 
over the NCP. Based on the comprehensive measurements and model 
simulations, we determined that regional atmospheric pollutant trans
port is driven collectively by topography and PBL processes. Our main 
findings can be summarized as follows.  

(1) Based on the blocking role of mountains, a vertical vortex in the 
lower troposphere was induced over downwind regions. This 
mountain-induced vortex elevated ground pollutants to higher 
layers and formed an EPL in the altitude range of 1.4–1.7 km. The 
existence of the EPL was confirmed based on the observations of 
ceilometers, aircraft measurements, and model simulations.  

(2) The EPL was transported north to Beijing by an enhanced south 
wind. The pollutants in the EPL were eventually transported 
down to the surface through PBL processes. At night and early in 
the morning, the PBL height was low and the EPL was located 
above the PBL. The stable PBL prevented the downward transport 
of pollutants. In the afternoon, the EPL was located inside PBL 
based on its continued development, which helped transport 
aerosols in the EPL down to the surface. As a result, the surface 
aerosol concentration increased.  

(3) It should be noted that only one pollution episode was analyzed 
in this study. Although the model simulations provided results 
consistent with the observations and substantiated our observa
tional analysis, additional measurements should be conducted in 
the future. Additionally, it is noteworthy that this study was 
based on data collected in the NCP. Whether or not our findings 
can be generalized to other regions warrants further 
investigation. 
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